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Nucleosome assembly during DNA replication
Eukaryotic chromatin assembly factor 1 forms a protein complex
that mediates the assembly of nucleosomes, from newly synthesized
and post-translationally modified histones, on replicating DNA.
In the cells of higher eukaryotes, the genomic DNA, which
is of a few metres in length, is compacted in such a way as
to be confined within a nucleus only micrometres in diam-
eter. This impressive compaction is brought about by associ-
ation of the DNA with nuclear proteins, of which histones
are the most prevalent. The resulting complex nucleo-
protein structure is known as chromatin, and the basic unit
of chromatin is the nucleosome core particle. This particle
comprises 146 bp of DNA wrapped in nearly two turns
around an octamer of histone proteins, made up of two
copies of each of the core histones H2A, H2B, H3 and H4.
During S phase of the cell division cycle, not only is the
entire genomic DNA replicated, but the underlying chro-
matin structure has to be duplicated as well. It is widely
assumed that the chromatin structure is transiently dis-
rupted during passage of a replication fork, and that new
nucleosomes are subsequently assembled on the emerging
DNA daughter strands. The formation of chromatin
during replication consists of two distinct reactions (Fig.
1). In one of these, histones from the parental nucleosomes
are transferred directly onto the replicated DNA and re-
assembled into nucleosomes, apparently without prefer-
ence for either of the two DNA daughter strands (Fig. la).
This kind of reaction seems to be passively induced by the
replication fork [1-5]. In a separate, second reaction, new
nucleosomes are assembled on DNA daughter strands from
soluble histone proteins which, in somatic cells, are newly
synthesized during S phase (Fig. lb) [6]. This latter reac-
tion is mediated by chromatin assembly factors ([7] and
references therein), and recent experiments have provided
significant advances in our understanding of the mecha-
nism of this reaction at the molecular level.
Chromatin assembly factor 1 (CAF-1) forms a protein
complex consisting of three subunits: p150, p60 and p50.
It was purified from extracts of human somatic cell nuclei
as an activity that mediates assembly of nucleosomes de
Fig. 1. The principle chromatin assem-
bly reactions during DNA replication.
Reaction (a): parental nucleosomes are
partially disrupted during DNA replica-
tion and the histones are directly trans-
ferred to the replicated DNA, reas-
sembling into nucleosomes. Reaction(b): the assembly of new nucleosomes
from newly synthesized and soluble
histones is mediated by a chromatin
assembly factor.
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Fig. 2. Summary of current data on the
involvement of CAF-1 in the assembly of
nucleosomes during DNA replication.
See text for details.
novo on replicating DNA in a cell-free system [8,9].
CAF-1 is specific for replicating DNA templates: it does
not mediate any significant nucleosome assembly on
double-stranded DNA in the absence of ongoing DNA
replication [9-11]. The nucleosome assembly reaction has
two steps: histones H3 and H4 are deposited onto DNA as
an H3/H4 tetramer in the first step, to form a nucleosome
precursor; in the second step, the nucleosome is com-
pleted by the association of two H2A/H2B dimers with
this precursor. CAF-1 mediates the first step of this assem-
bly reaction in vitro, and the second step can take place in
the absence of CAF-1 or DNA replication [10]. It is there-
fore of interest to define further the dependency of CAF-1
activity on ongoing DNA replication, and to identify the
molecular links between the replication fork and
chromatin assembly reactions.
In addition to its dependency on replicating DNA, CAF-1
has a second aspect to its substrate specificity: it utilizes
only newly synthesized histones H3 and H4, which are
present in the cytosolic replication extract in a post-trans-
lationally modified form [10]. New H4 is synthesized dur-
ing S phase and is transiently acetylated on two lysine
residues in its amino-terminal domain by cytoplasmic his-
tone acetyltransferase [12,13]. The acetylated H4 isoform
is then transported into the nucleus for incorporation
(deposition) into replicating chromatin (Fig. 2). The sites
of this deposition-related acetylation are highly conserved
in histone H4 from Tetrahymena, Drosophila and humans
[13], suggesting a specific and conserved function for this
modification in chromatin assembly during DNA replica-
tion. Newly synthesized H3 is also acetylated in a deposi-
tion-related manner, but the sites of this H3 acetylation are
not conserved between species [13]. At a later stage, fol-
lowing replication, the deposition-related modifications of
histones are removed. Taken together, these results suggest
that CAF-1 could link newly synthesized histones to the
replication-dependent assembly of nucleosomes.
In a recent publication, Bruce Stillman and colleagues [14]
addressed this topic directly, and described the cloning and
characterization of the two larger subunits of CAF-1, p150
and p6 0. When expressed as recombinant proteins, both
subunits are required to promote nucleosome assembly in
a replication-dependent manner in vitro. The specific
activity of the recombinant proteins in this reaction is very
similar to that of the endogenous trimeric CAF-1 complex
purified from human cell nuclei; the third CAF-1 subunit,
p50, is present in the replication extract used for these
experiments ([14]; P. Kaufman, personal communication),
but its role is currently unknown.
The p150 and p6 0 subunits interact physically with each
other (Fig. 2), and the domain required for this interaction
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has been mapped to the carboxy-terminal third of p150
protein [14]. Importantly, deletion of this domain also
abolishes the nucleosome assembly activity of CAF-1,
indicating that formation of the complex is essential for
CAF-1 activity. A separate domain of the p150 protein
which is essential for CAF-1 activity was mapped to the
central part of the protein; it contains clusters of negatively
charged and acidic residues. Internal deletions of these
clusters abolish CAF-1 activity but not the association of
p150 with p6 0 . It is therefore possible that this domain is
involved in another crucial feature of CAF-1 activity,
namely binding the basic histone proteins.
In the cytosolic replication extract from human cells used
in these studies, newly synthesized histone H3 and
diacetylated histone H4 are present in a complex that
includes other proteins [15]. By immunoprecipitation
using antibodies specific for acetylated H4, direct experi-
mental evidence has been obtained for protein-protein
interactions between the newly synthesized, modified his-
tones and CAF-1 [14]. Both the p150 and p60 subunits of
CAF-1 were immunoprecipitated with the acetylated-H4-
specific antibody; conversely, p150-specific antibodies co-
immunoprecipitated histones H3 and H4, even in the
absence of p60, whereas p60-specific antibodies required
the presence of p150 in order to precipitate the histones.
The p150 subunit of CAF-1 is therefore most likely to be
responsible for interaction with the histones (Fig. 2).
These data provide evidence that CAF-1 serves as a chap-
erone, recruiting newly synthesized histones to the replica-
tion-dependent nucleosome assembly process. But how
does CAF-1, in conjunction with the histones, then
engage in chromatin assembly during DNA replication?
Several lines of evidence seem to indicate that there is a
physical association between CAF-1 protein and replication
forks (Fig. 2). In vitro, CAF-1 can be detected immunologi-
cally in immature chromatin precursors comprising, in
addition to DNA, histones H3 and H4 [10]. Furthermore,
CAF-1 mediates the assembly of nucleosomes in a stoichio-
metric and non-cooperative manner when single-stranded
DNA is used as a substrate for chromatin assembly coupled
to complimentary DNA strand synthesis [11]. In this sys-
tem, the number of nucleosomes assembled in the presence
of CAF-1 correlates with the amount of single-stranded
template DNA present, relative to the amount of double-
stranded DNA. These data are consistent with an indirect
association of CAF-1 with the single-stranded DNA
regions present at replication forks [11]. Furthermore, the
CAF-1 subunits p150 and p60 co-localize with sites of
genomic DNA replication in S-phase nuclei, suggesting that
CAF-1 forms part of the multiprotein complex that repli-
cates chromatin fibres in eukaryotic cell nuclei [16]. Direct
interactions of purified CAF-1 with DNA or with specific
replication proteins have, however, not been reported to
date, and a molecular dissection of the indirect association
of CAF-1 with replication forks will be rewarding.
Finally, some interesting observations have also emerged
regarding the regulation of replication-dependent chro-
matin assembly during the cell cycle. Histone synthesis is
coupled to replication of genomic DNA [6], and the exis-
tence of a specific factor, CAF-1, which targets newly syn-
thesized histones to replicating DNA [10,14], suggests a
potential role for CAF-1 as a regulator of this process.
CAF-1 is phosphorylated in vivo [17], and this phosphory-
lation could be involved in regulating the formation of
CAF-1 complexes from individual subunits, in regulating
histone-binding activity, or in regulating the deposition of
histones onto replicating DNA. After completion of S
phase, it is to be expected that CAF-1 activity is down-
regulated somehow. Two observations support this
assumption: first, the p150 and p60 subunits each contain a
PEST-box motif [14], which has been found in other pro-
teins that undergo cell-cycle-dependent degradation; sec-
ond, in proliferating human cells, strong p150 and p60
immunofluorescence is restricted to S-phase nuclei, and
no CAF-1 signal could be detected in mitotic cells [16]. It
seems possible, therefore, that post-translational modifica-
tions and protein degradation may be involved in regulat-
ing the activity of CAF-1 in a cell-cycle-specific manner.
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